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Abstract 
Although doubts about the technical and economic viability of retrofit to existing plants can be 
identified there have also been suggestions that CO2 capture retrofits at appropriate sites could be 
economically attractive.  The potential to extend the life of existing plants with paid-off capital 
could be beneficial and some project developers are exploring retrofit opportunities for CO2 capture 
demonstration.  This paper (and the accompanying study commissioned by IEAGHG) shows that 
there is a sound theoretical basis for CCS retrofits to existing power plants to be considered as a 
complement, and in some cases as an alternative, to new build power plants with CCS.  A key 
recommendation resulting from the technical and economic analysis undertaken is that a general 
rejection of retrofitting on grounds such as the age or lower efficiency of existing plants is not 
justified.  Instead CCS retrofits need to be assessed on a site-specific basis, which is feasible since 
only a relatively small number of plants (order 100’s) need to be retrofitted in order to have a 
significant impact on global CO2 emissions.  Initial site-by-site retrofit potential studies using aerial 
photographs that have already been undertaken in several countries could be complemented by 
additional, more detailed, engineering studies and extended as ongoing national reference databases.  
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
Carbon capture and storage (CCS) is often identified as an important technology for 
mitigating global carbon dioxide (CO2) emissions.  For example, the 2009 International Energy 
Agency CCS Roadmap [1] suggests that nearly 1000 CCS projects (around half of them on power 
plants) may need to be operational globally by 2030 as part of action to approximately halve the 
rate of greenhouse gas emissions by 2050.  Since global rollout of proven CCS technologies on 
power plants is not expected to commence until 2020 at the earliest this represents a very 
challenging build rate. 
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Although some regulators are already requiring that power plants constructed from now 
until CCS is routinely implemented should be ‘capture ready’, the existing fleet has not been 
designed to be suitable for retrofit of CO2 capture.  It is expected that much of this fleet could 
operate for at least several more decades, so it is necessary to understand particular challenges that 
may be faced by utilities and investors considering a retrofit project to a plant that was not designed 
to be capture ready, as well as to capture ready plants, as part of any attempt to assess the global 
potential for CO2 capture retrofit to contribute to significant reductions in CO2 emissions. 
This paper provides an overview of some key findings from a study on technical and 
economic aspects of CO2 capture retrofit to existing power plants commissioned by IEAGHG [2].  
Performance and economic analyses examine how the lower capital cost of a retrofit on either coal 
or natural gas power plants, compared to scrapping and replacement by a new plant with CCS, can 
often offset the reduced efficiency and other additional capture costs for a retrofit.   
For example, a number of ways in which the ‘lost’ plant electricity output due to a CCS 
retrofit can be treated are also discussed.  In many cases it is appropriate to replace this with output 
from plants built elsewhere, especially if capture can be interrupted temporarily to recover the lost 
output and deliver the original plant power when required.  If the plant output is to be maintained 
on-site then thermally efficient and cost-effective ways in which this can be done are proposed and 
analysed; for example the use of small natural gas turbines integrated with post-combustion capture 
retrofits of coal plants might be attractive for low to moderate gas prices. 
Finally, the potential scope for CCS retrofits in three key markets (the USA, China and the 
EU) is considered, in the context of contributing to rapid CCS rollout in the 2020s.  One key issue is 
the extent to which new gas, rather than coal, capacity is constructed over the next decade in 
developed economies such as the USA and Western Europe and, if so, whether the economic 
advantage for gas persists.  The scope for plant refurbishment for life extension is also important in 
these markets, particularly in the USA.   
2. Some key conclusions in CO2 capture retrofit literature 
It is useful to review earlier literature that addressed retrofitting CO2 capture to existing 
plants as part of the context for the technical and economic analyses presented in later sections of 
this paper.  Although much of the literature on CCS addresses new build power plants that have 
CO2 capture installed at the outset, there is also some literature on retrofitting CO2 capture to 
existing plants.  Only limited published information exists on CCS for power plants burning natural 
gas, although a comprehensive study on retrofit options for natural gas-fired combined cycle power 
plants was commissioned by IEAGHG in 2005 [3].  Additionally, as assumed in the rest of this 
paper, opportunities for retrofits to integrated gasification combined cycle (IGCC) plants are 
generally expected to be limited, due to the very small numbers of IGCC plants in the existing fleet 
and the likelihood at present that the majority of new IGCC plants built will have CCS fitted from 
the outset.  This study, therefore, focuses on retrofitting CO2 capture to the much larger potential 
number of applications on pulverised coal-fired power plants. 
The 2005 Intergovernmental Panel on Climate Change (IPCC) special report on CCS [4] 
summarises the main conclusions from early literature on retrofitting CCS to existing power plants.  
It noted that retrofitting existing power plants with CO2 capture had not been “extensively studied” 
but that the limited literature available suggested that retrofitting CO2 capture would lead to 
increased efficiency loss and higher costs than those expected for new-build sites.  Additionally, 
this limited literature was typically suggesting that economic performance would be improved by 
rebuilding the boiler and turbine at the same time as retrofitting CO2 capture to coal-fired power 
plants.  The potential to repower sites with an IGCC plant that includes CO2 capture was also 
identified, but no “systematic comparison of the feasibility and cost of alternative retrofit and 
repowering options for existing plants” was available at the time of writing. 
Although a number of disadvantages associated with retrofit projects were identified in the 
2005 IPCC special report [4], the potential need to retrofit existing plants so that any rapid 
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introduction of CO2 capture would not mean that existing plants “have to be retired prematurely and 
replaced by new plants with capture” was also acknowledged.  For example, it was also noted that: 
“In cases where the capital cost of the existing plant has been fully or substantially 
amortized,... the COE [cost of electricity] of a retrofitted plant with capture (including all new 
capital requirements) can be comparable to or lower than that of a new plant, although the 
incremental COE is typically higher...” 
Since the consensus view illustrated in the 2005 IPCC special report was that economics 
would be challenging for cases where CO2 capture was retrofitted to existing plants, partly due to 
low base plant efficiencies, work for the next few years tended to focus on retrofit to supercritical 
coal-fired plants or extensive retrofits (i.e. including upgrading of boilers and turbines) for existing 
plants with sub-critical steam cycles [e.g. 5].  Additionally, a number of researchers chose to focus 
on the potential for new plants to be built ‘CO2 capture ready’ (CCR) so that many of the challenges 
associated with retrofitting existing plants that were not designed with CO2 capture retrofit in mind 
could be avoided [e.g. 6].  A few researchers did, however, continue to consider retrofitting CO2
capture to existing power plants without a significant upgrade to the base power plant, including in 
a study funded by the National Energy Technology Laboratory [7]. 
An intermediate suggestion by Figueroa and Plasynski [8] was that opportunities from plant 
outages, equipment replacement etc. could be used to modify suitable existing power plants so that 
they would better meet CCR criteria.  Since generation output that is lost while a plant is modified 
to retrofit capture could represent a significant cost barrier to retrofit, the use of ‘free’ time during 
earlier outages could achieve significant cost savings.  Obviously some types of deficiency in 
original designs will not be able to be rectified subsequently, but provided a finally modified plant 
adequately meets CCR criteria it might functionally be close in its potential for retrofit to a purpose-
built CCR plant.  The up-front costs of these advance CCR modifications could, it was implicitly 
suggested, achieve immediate commercial benefits in terms of a better-defined cap on the plant 
owner’s future liability for CO2 emissions charges. 
More recently, the literature on retrofitting CO2 capture to existing plants, both with and 
without a base plant performance upgrade, has grown significantly as a range of factors have 
combined to cause many stakeholders to reassess its value compared to new build.  Arguably most 
importantly, a number of real commercial-scale CCS demonstration projects are being developed as 
retrofits to existing plants [e.g. 9-11].  A number of analysts, including several contributors to a 
2009 MIT symposium on retrofits [12] have suggested that even if existing plants are not retrofitted 
with CO2 capture they are likely to continue to operate for many years.  This conclusion depends on 
assumed policy measures to mitigate CO2 emissions (e.g. that a price on CO2 emissions is applied 
rather than an emissions performance standard, or some other measure, being introduced at a level 
that would require CCS).  Higher construction costs have also increased the value of avoiding, or at 
least delaying, capital expenditure associated with building a new base power plant if an existing 
plant can remain in service for longer following a CO2 capture retrofit.   
3. Technical principles and background for CO2 capture retrofit to existing plants 
When retrofitting CO2 capture to an existing plant a number of technical issues will need to 
be considered.  While these will be encountered, in some form or another, in most retrofit projects 
the solutions to many of them will depend to a large extent on specific details of the site and on the 
characteristics of the plant and the capture process being fitted.  At present too few practical studies 
or projects have been undertaken to draw any conclusions regarding approaches that have been 
adopted to address these problems (e.g. what worked and what did not etc.) and in many cases the 
details of these early projects are still largely or wholly confidential for commercial reasons.   
The scope of work undertaken in the IEAGHG study [2] that underpins the work reported in 
this paper is, therefore, limited to an examination of the options potentially available for retrofitting 
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capture to existing plants, with a generic assessment of the relative performance and costs for these 
retrofit options using a parametric approach.  Post-combustion capture is used as the example for 
the majority of this work, but the same approach can also be applied to oxyfuel and other 
retrofittable capture technologies by specifying appropriate heat and/or power requirements and 
capital costs.  If only electric power (as for oxyfuel) is required to operate the capture plant, 
however, then obviously the drivers for on-site integration and optimisation are much reduced.  
Technical factors that must be considered in retrofitting CO2 capture to an existing plant include: 
(a) Access to suitable CO2 storage; 
(b) Space on site for additional equipment associated with capture; 
(c) Gas cleaning including FGD (flue gas desulphurisation) performance; 
(d) Cooling requirements including identifying space on site for cooling in some cases, water 
consumption and achievable temperatures; 
(e) Meeting the additional electricity and heat needs for the capture-related equipment, 
including integrating with the main power plant where appropriate; and 
(f) Identifying a strategy for coping with reduced power output from the site, or maintaining or 
increasing the exported power 
Table 1  Breakpoints in defining additional heat and power supply for CO2 capture retrofits 
Breakpoint Description 
(A) Fully-integrated All the heat and power required for the capture process is supplied from the existing plant with no 
additional plant being used.  This could apply to pulverised coal (PC) or gas turbine combined cycle 
(GTCC) plants. 
(B) Boiler heat-
matched 
All heat for the capture process is supplied by steam from an external boiler (i.e. heat matching) so no 
modification to a conventional steam cycle design for the base power plant is required.  Electrical power 
is still met from the existing plant.  In practice this is likely to be proposed only for natural gas boilers 
on GTCC plant, since the heat loads for coal plants are very large. 
(C) Boiler heat and 
power matched 
All heat for the capture process is supplied by steam from an external boiler which is fed through a 
back-pressure turbine to also generate the electrical power needs of the capture process – heat and power 
matching.  The electrical output from the site remains the same (or could increase if grid connection 
capacity permitted, but then it is more likely a gas turbine additional power and heat unit would be 
used).  In practice this is also likely to be proposed only for natural gas boilers on GTCC plant. 
(D) Gas turbine 
power matched 
The electrical power for the process is supplied from a CHP (combined heat and power) plant with the 
highest possible power to heat ratio for the fuel and the temperatures involved – power matching.  Some 
heat for the capture process is recovered from this plant; the rest is supplied from the existing plant.  The 
net electrical output from the site remains the same after CO2 capture retrofit.  An example of this is a 
relatively small GTCC unit with a back pressure turbine on either a natural gas or a coal plant.   
(E) Advanced coal 
boiler 
Power matching is achieved using a larger coal boiler with a back pressure turbine to service several 
existing coal units with capture; the use of a larger unit allows pulverised coal combustion and 
supercritical (or advanced sub-critical) steam conditions to be used. The output from the site remains 
approximately the same, although if the additional boiler is sized to be similar to existing units there 
may be some difference.  In practice this is likely to be proposed only for coal plants.  A large gas-fired 
boiler is clearly less efficient than a GTCC unit.  Gas boilers can also be more conveniently made 
smaller and so be dedicated to a single unit, easing operability issues. 
(F) Gas turbine heat 
matched retrofit 
All heat for the capture process is supplied from a natural gas CHP plant with the highest possible power 
to heat ratio for the fuel and the temperatures involved – heat matching.  Excess power would be 
exported from the site with this configuration.  Could be applied to retrofits of either gas or coal plants. 
  
The factors (a) to (f) identified above can be viewed as falling into two categories.  Factors 
(a) to (d) are largely barriers that must be overcome.  They may have economic consequences or be 
show-stoppers.  All of them could be resolved by a new plant on an appropriate site, but if the same 
site is used only marginal improvements may be possible.  If the plant is already CCR, then in most 
cases replacement with a new plant would almost certainly not give any great improvement.  For an 
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existing non-CCR plant some factors could probably be improved by a rebuild, but the scope for 
this and the relative costs must be considered on a project-specific basis. 
Factors (e) and (f) principally affect the main function of all power plants, delivering electric 
power to the grid (electricity network), and hence the economic performance of the retrofit.  These 
factors therefore have generality and will apply irrespective of the site conditions, although not 
irrespective of the electricity system in which the plant operates.  To understand both the technical 
requirements and costs associated with these two factors, it is important to consider the range of 
options available for supplying the heat and power requirements of the CO2 capture unit.  One 
option is to source the entire heat and power requirement from the base power plant.  Alternatively, 
a range of technical permutations exist for adding an additional plant (essentially a combined heat 
and power plant – CHP) to provide some or all of these requirements.  While a continuum of 
different levels of heat and power inputs from the existing and additional plants respectively is 
feasible, a number of obvious break points exist and are summarised in Table 1.   
With appropriate integration it can be shown that options (A), (D), (E) and (F) can all give 
good levels of efficiency.  Options (B) and (C) do not produce as much power as possible from the 
additional fuel used, so overall plant efficiencies are lower and corresponding capture efficiency 
penalties are higher.  A more detailed discussion of these options and their likely performance can 
be found in the full study report [2].  In order to ensure that effective thermodynamic integration of 
post-combustion capture and CO2 compression is achieved, Lucquiaud [13] adapted previous work 
by Gibbins et al [14] outlining six rules that should be followed, as shown in Table 2. 
Table 2  Six rules for effective thermodynamic integration of post-combustion capture and CO2 compression 
Number Description 
1 For new build projects, add heat to the steam cycle at as high a temperature as possible (i.e. be prepared to use best 
available steam conditions if commercially justified).  For retrofits to existing plants, though, the penalty per tonne 
of CO2 emissions avoided is independent of the steam conditions. 
2 Reject heat from the steam cycle, in the steam extracted for solvent regeneration, at a temperature as close as 
possible to the temperature of regeneration of the solvent. Optimise solvent temperature of regeneration to minimise 
the sum of the overall electricity output of the capture system and the CO2 compression system. 
3 Produce as much electricity as reasonably possible from the power cycle (i.e. be prepared to use additional turbines 
for retrofit projects if commercially justified) and from any additional fuel used, consistent with rejecting heat at the 
required temperature for solvent regeneration. 
4 Make use of waste heat from CO2 capture and compression in the steam cycle. 
5 Anticipate the use of the latest solvent developments throughout the whole operating life of the plant. 
6 Exploit the inherent flexibility of post-combustion capture (e.g. to shift the financial penalty of capture from high to 
low operating profit periods of time and/or to accelerate ramp rate during transient operation if necessary. 
4. Economic aspects of CO2 capture retrofit to existing plants 
It is important to note, however, that factors other than efficiency may be important in 
determining overall retrofit project economic performance, particularly for demonstration purposes 
or where space is limited.  For example, capital cost and speed of response for start-up are also 
likely to be important for power plants with CCS, especially if they are required to operate at low 
load factors.  A plant with additional CHP power also does not necessarily have to operate it all the 
time; for example, it might be more valuable at periods of high demand, under more extreme 
climatic conditions or at part-load or transient operating conditions.  Optimum operating approaches 
are also likely to alter as fuel and/or carbon prices change. 
The full report [2] contains a detailed discussion of CO2 capture retrofit economics, 
highlighting challenges in determining robust analytical methods and developing a simple 
spreadsheet tool that is suitable for first order screening of a range of different technical options (as 
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discussed above) for user-defined economic conditions (e.g. fuel and CO2 prices, capital costs, 
financial assumptions).  Sensitivity analysis undertaken using this tool, suggests a number of 
general conclusions and these are outlined here. 
An important point where comparing retrofit options for a range of existing plants at 
different sites but operating in the same electricity market/network (i.e. receiving the same 
electricity prices) is that the efficiency of the existing plant will have no intrinsic effect on the cost 
of CO2 emissions abatement (see [13, 15] for details).  Higher costs will apply for fitting capture to 
a lower-efficiency plant but, provided all other non-efficiency factors are equal, these are entirely 
offset by higher emission reductions.  Other site-specific features, such as ease of retrofit, load 
factor and access to storage, are therefore more important in determining abatement costs. 
It should also be noted that the expectation of changing carbon value and investor 
approaches to quantifying risks related to current and future CO2 prices makes a simple 
determination of ‘the carbon price to trigger retrofit’ impossible.  For a start, at least one additional 
parameter must be quoted that characterises expected future carbon price changes.  The relative risk 
profiles of the non-investment and investment alternatives would also need to be estimated, 
probably by Monte Carlo methods. 
When retrofit and new build options at the same site are compared, key points include: 
• Apparent differences in levelised cost of electricity (LCOE) values are relatively small, but 
can have a much larger effect on the cost of CO2 emissions abatement and the return on 
capital investment, since these two metrics depend on cost differences not absolute values; 
• Integrated capture retrofit options are the most competitive for the majority of input data 
sensitivity ranges considered in this study; 
• The next most competitive retrofit option in most cases is a power matched, high efficiency 
CHP plant (GTCC for gas fuel, high pressure boiler for coal), used in conjunction with an 
integrated retrofit to restore the power sent out to the original value before retrofit and to 
supply some of the additional heat required by the capture process; 
• The way in which a power-matched retrofit is implemented may differ.  Coal plants, which 
need to be relatively large to use high steam pressures, may be built to service a number of 
retrofits on a multi-user site.  Since smaller natural gas GTCC CHP units are available these 
could be used for a retrofit of a single unit; 
• If steam extraction from the existing steam cycle is not possible then a high-efficiency CHP 
plant may be used to provide heat for the existing power plant’s and its own capture units, 
but it may not be possible to export the significant amounts of extra power this will have to 
generate from the site.  The high level of new plant investment may also not be competitive, 
despite the reasonably high efficiency that this option is likely to achieve; and 
• A lower efficiency alternative that does not involve steam extraction or excess power 
production is to use a boiler and back pressure turbine to match both heat and power 
requirements, but this is likely to give sub-optimal economic performance in most cases. 
It should also be noted that assumed load factors can be critical in determining whether 
capital investment in any CCS plant is worthwhile.  Load factor is important in determining the 
absolute value of LCOE of any individual plant.  It should be noted, however, that when a more 
efficient new-build plant is compared with a less efficient retrofitted plant, the gross revenue 
received during periods when only the more efficient plant is operating can generally be no more 
than the short run marginal cost (SRMC) of the retrofitted plant.  It is, therefore, reasonable to 
conclude that any difference in load factor will generally lead to insignificant differences in net 
short run cash flow (revenue from electricity sales minus short run marginal costs to produce that 
electricity) when retrofit and new build CCS plants are compared.  Given this, the lower capital cost 
of a retrofit can make it relatively more attractive if load factors are likely to be low. Residual plant 
life for retrofits, also a possible differentiating factor, is discussed below. 
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5. Factors affecting global potential for CO2 capture retrofit 
A viable retrofit project will have to satisfy a range of 
requirements in three separate, although interlinked, areas, 
shown in Figure 1 as the ‘retrofit triangle’: 
• The ability to add CO2 capture on the power plant site  
(or at a linked site in some cases); 
• Access to secure CO2 storage; and 
• Economic and social viability, including meeting all legal 
requirements and gaining public acceptance 
The first two sets of requirements involve an assessment of 
the site and its location.  The last depends on a number of factors but, for comparing economic 
viability of retrofit with a replacement new build CCS plant (with both otherwise therefore being 
assumed to be economically and socially viable) a key limiting factor is the lifetime for the 
investment in a retrofit project.  This factor is particularly important for developed economies such 
as Western Europe and USA that have relatively old fleets of coal fired power plants.  It is much 
less of an issue in the decade 2020-2030 (and subsequently) for developing economies such as 
China where large numbers of new fossil power plants have been built recently and are expected to 
continue to be built.  It would be helpful if these plants were built CCR (CO2 capture ready) to 
ensure retrofittability at minimum cost, but it is likely that in any circumstance a significant number 
of plants with sufficient lifetimes will exist and the limiting factors are then suitability for installing 
capture equipment and access to storage. 
In the (major) markets where preliminary assessments of the potential for CCS retrofit have 
been undertaken [16-19] there appears to be significant retrofit potential, based on assessment of 
existing sites and also, in Europe, the implementation of CCR regulations for new plants.  
Quantitative results for some aspects of retrofit potential have been produced in all the studies, but 
inadequate data for all three aspects of the ‘retrofit triangle’, technical potential to fit capture 
equipment, access to storage and economic and social viability (including the actual timing for 
consideration of retrofitting), precludes any meaningful quantitative assessment of actual future 
retrofit deployment at present. 
Interestingly quite similar site assessment techniques, based on Google images and similar 
sources, have been applied, apparently independently, in many studies.  This is obviously an area 
where future work could be useful.  Possible improvements might include examination of whether 
more consistent and less subjective plant image assessment techniques are possible (e.g. based on 
quantitative image analysis).  Comparison with conceptual studies and actual retrofit projects is also 
becoming increasingly more feasible. 
Finally, the number of potential retrofit sites to cover a significant proportion of national 
installed capacity, even in large markets such as the USA and China, is still only in the hundreds.  
National databases covering retrofit-related characteristics for each individual site are therefore 
entirely feasible, and could start with the present studies as a basis.  Better information in this area 
could be of very material assistance, for example for planning CO2 transport and storage 
infrastructure or assessing the impact of policy changes. 
6. Conclusions 
The work reported in this paper and in the related full report [2] shows that there is a sound 
theoretical basis for CCS retrofits to existing power plants to be considered as a complement, and in 
some cases as an alternative, to new build power plants with CCS.  In this context, however, it is 
important that retrofit and new build plant costs are compared using a consistent basis.  While a 
large ‘jump’ in electricity costs can be observed with retrofits, the final overall cost of electricity 
can still often be lower if CCS is retrofitted to an existing plant. 
Figure 1  The ‘Retrofit Triangle’ 
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A general rejection of retrofitting on grounds such as the age or lower efficiency of existing 
plants is not justified.  The reduced capture costs for new build CCS plants can often be offset by 
the much higher capital cost of the base power plant itself compared to a retrofit, even if some level 
of refurbishment to the base power plant is required to achieve an adequate retrofit project life.  
More specifically CCS retrofits need to be assessed on a site-specific basis, but the numbers of 
relevant power plant sites is relatively small.  Applying CCR principles when building new plants 
obviously increases the probability that they can be retrofitted successfully and this work suggests 
that the option of retrofitting these could well be exercised in the future. 
A wide range of options exist for effective integration of CO2 capture equipment with the 
steam cycles of existing coal and gas power plants, allowing electricity output penalties per tonne of 
CO2 captured to be achieved that are close to those for new build plants using the same capture 
technology.  If the electricity output of the plant is to be maintained on-site then additional fuel 
should be used in ways that deliver as much electricity as possible (i.e. natural gas turbine combined 
cycle or high-pressure steam coal CHP plants).  Unless a large increase in power output is required 
it is most effective to combine this with some steam extraction from the main steam turbine.   
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